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1. Introduction {#jgrc21358-sec-0001}
===============

The sea ice cover of the Arctic Ocean has significantly decreased in the last decades \[*Meier et al*., [2014](#jgrc21358-bib-0021){ref-type="ref"}; *Perovich*, [2011](#jgrc21358-bib-0029){ref-type="ref"}\] by extent \[*Serreze et al*., [2007](#jgrc21358-bib-0039){ref-type="ref"}; *Stroeve et al*., [2007](#jgrc21358-bib-0040){ref-type="ref"}, [2012](#jgrc21358-bib-0041){ref-type="ref"}\] and in thickness \[*Haas et al*., [2008](#jgrc21358-bib-0010){ref-type="ref"}; *Kwok and Rothrock*, [2009](#jgrc21358-bib-0016){ref-type="ref"}; *Renner et al*., [2014](#jgrc21358-bib-0036){ref-type="ref"}; *Rothrock et al*., [2008](#jgrc21358-bib-0038){ref-type="ref"}\]. Changed surface properties, such as the increased formation of melt ponds \[*Roesel and Kaleschke*, [2012](#jgrc21358-bib-0037){ref-type="ref"}\], and the shift from multi‐year sea ice to predominantly first‐year sea ice in vast regions of the Arctic \[*Maslanik et al*., [2011](#jgrc21358-bib-0019){ref-type="ref"}; *Tschudi et al*., [2010](#jgrc21358-bib-0045){ref-type="ref"}\], led to increased light transmission through the sea ice in spring and summer \[*Nicolaus et al*., [2012](#jgrc21358-bib-0025){ref-type="ref"}; *Perovich et al*., [2011](#jgrc21358-bib-0033){ref-type="ref"}\]. Yet detailed knowledge of the physical processes governing the fate of the sea ice is limited \[*Perovich and Polashenski*, [2012](#jgrc21358-bib-0030){ref-type="ref"}; *Perovich et al*., [2002](#jgrc21358-bib-0032){ref-type="ref"}\], especially with regard to the role of small‐ to meso‐scale melting processes. In the last half‐century knowledge about vertical gradients of physical and biological environmental properties depended on ice cores and instruments lowered on a wire \[*Frey et al*., [2011](#jgrc21358-bib-0008){ref-type="ref"}; *Grenfell*, [1977](#jgrc21358-bib-0009){ref-type="ref"}; *Light et al*., [2003](#jgrc21358-bib-0017){ref-type="ref"}; *Thomas and Dieckmann*, [2010](#jgrc21358-bib-0042){ref-type="ref"}; *Zeebe et al*., [1996](#jgrc21358-bib-0049){ref-type="ref"}\], with limitations for regional upscaling. Airborne and satellite remote sensing as well as new tools for field investigations improved the study of spatially distributed processes at the ice surface \[*Hudson et al*., [2012](#jgrc21358-bib-0011){ref-type="ref"}; *Perovich et al*., [1998](#jgrc21358-bib-0031){ref-type="ref"}; *Petrich et al*., [2012b](#jgrc21358-bib-0035){ref-type="ref"}\], but only recently advances in the field of marine robotics allow comprehensive large scale studies underneath the polar pack ice \[*Bowen et al*., [2012](#jgrc21358-bib-0004){ref-type="ref"}; *Jakuba et al*., [2008](#jgrc21358-bib-0013){ref-type="ref"}; *Kukulya et al*., [2010](#jgrc21358-bib-0015){ref-type="ref"}; *Nicolaus and Katlein*, [2013](#jgrc21358-bib-0023){ref-type="ref"}; *Williams et al*., [2013](#jgrc21358-bib-0047){ref-type="ref"}\] that allow for Arctic wide upscaling \[*Arndt and Nicolaus*, [2014](#jgrc21358-bib-0001){ref-type="ref"}\].

One process of particular interest both for sea ice physics and biology is the partitioning of solar shortwave radiation at the sea ice surface \[*Light et al*., [2008](#jgrc21358-bib-0018){ref-type="ref"}; *Perovich et al*., [2011](#jgrc21358-bib-0033){ref-type="ref"}\]. In winter and spring, the snow cover on the ice limits light transmission and determines its spatial variability \[*Mundy et al*., [2005](#jgrc21358-bib-0022){ref-type="ref"}\]. As Arctic sea ice gets increasingly translucent over the course of the season, the fraction of the solar flux absorbed in the ice \[*Nicolaus et al*., [2013a](#jgrc21358-bib-0026){ref-type="ref"}\] and the water layer right beneath can sustain algal productivity and cause substantial sea ice melt. This solar heat flux can easily dominate over the ocean heat flux contribution to ice melt during summer \[*Hudson et al*., [2013](#jgrc21358-bib-0012){ref-type="ref"}; *Nicolaus et al*., [2013b](#jgrc21358-bib-0027){ref-type="ref"}\]. Nevertheless, shortwave radiative transfer in sea ice is often poorly represented in sea ice ocean models due to its complexity and high spatial variability on a scale smaller than the model resolution.

While the quantitative impact of the physical sea‐ice properties on light transmittance is well understood for the text‐book case of one‐dimensional homogenous horizontal layers \[*Light et al*., [2008](#jgrc21358-bib-0018){ref-type="ref"}; *Perovich*, [1996](#jgrc21358-bib-0028){ref-type="ref"}; *Perovich et al*., [1998](#jgrc21358-bib-0031){ref-type="ref"}\], the influence of surface features and the three‐dimensional ice‐topography is poorly quantified for the pack ice of the Central Arctic where these factors vary on spatial scales of just a few meters.

The objective of this paper is to analyze the influence of the spatially varying surface properties of the sea ice cover and sea ice thickness on the spatial variability of light transmittance. The respective contribution of the two variables is assessed quantitatively on the basis of a survey conducted by the new Nereid Under‐Ice (NUI) hybrid remotely operated vehicle coordinated with coregistered aerial images and classical sea ice observations. This novel approach using spatially distributed measurements overcomes the limitations of one‐dimensional modeling and data analysis.

2. Methods {#jgrc21358-sec-0002}
==========

2.1. Sampling Site {#jgrc21358-sec-0003}
------------------

Measurements were carried out during the expedition of the German research ice‐breaker *RV Polarstern* to the Aurora mount, a hydrothermal vent site at Gakkel Ridge off Northeast Greenland (Figure [1](#jgrc21358-fig-0001){ref-type="fig"}a) \[*Boetius*, [2015](#jgrc21358-bib-0003){ref-type="ref"}\]. The described sea ice floe was surveyed on station PS86/080 at 82° 51′ N and 6° 19′ W on 28 July 2014 by on‐site ice‐thickness drillings combined with an under‐ice survey of NUI and aerial images taken during a helicopter survey. Snow thickness was measured using a MagnaProbe (Snow Hydro, Fairbanks, AK, USA). During the study, air temperature was slightly below 0°C, the average sea ice drift velocity was 0.3 kn, and ice concentration was 80%.

![(a) Map showing the cruise track (red line) in the northern Fram Strait between Greenland and Spitsbergen. The black x indicates the location of the presented ice station work. Sea ice concentration of the sampling day from AMSR2 ([http://www.iup.uni‐bremen.de:8084/amsr2/](http://www.iup.uni-bremen.de:8084/amsr2/)) is shown in grey shadings with high sea ice concentration in brighter colors. (b) NUI shortly before deployment into a pool of open water on the starboard side of Polarstern. The upward looking sensors are located in the spine payload bay in between the two white landing skids toward the front of the vehicle.](JGRC-120-5932-g001){#jgrc21358-fig-0001}

2.2. Vehicle and Sensors {#jgrc21358-sec-0004}
------------------------

The Nereid Under Ice (NUI) vehicle (Figure [1](#jgrc21358-fig-0001){ref-type="fig"}b) is a hybrid remotely operated vehicle, designed especially for surveys in ice‐covered waters \[*Bowen et al*., [2012](#jgrc21358-bib-0004){ref-type="ref"}, [2014](#jgrc21358-bib-0005){ref-type="ref"}; *Jakuba et al*., [2008](#jgrc21358-bib-0013){ref-type="ref"}\]. While offering the inspection and intervention capabilities of a conventional remotely operated vehicle (ROV), the light‐fiber tether concept allows the vehicle to operate in a drifting sea ice environment at increased standoff distances of in principle up to 20 km from the support vessel. In the event of failure of the light fiber‐optic tether, high‐bandwith optical communication to the vehicle is lost, and the vehicle enters a semi‐autonomous mode in which it communicates to the ship via low‐bandwidth acoustic telemetry through the water‐column. In this mode the operators can send acoustic commands to the vehicle to guide it back to the ship for recovery. NUI is a recent development of the Deep Submergence Laboratory at the Woods Hole Oceanographic Institution (Woods Hole, MA, USA) in collaboration with the Johns Hopkins University (Baltimore, MD, USA). The vehicle provides space, power and communication for various payloads. Vehicle position data are determined by the navigation software via dead reckoning using a combination tracking of the ice bottom by upward‐looking doppler velocity log (DVL), and ship‐relative acoustic long baseline (LBL) positioning \[*McFarland et al*., [2015](#jgrc21358-bib-0020){ref-type="ref"}\].

Downwelling under‐ice spectral irradiance and spectral zenith radiance (both 320--950 nm) were measured using two RAMSES‐ACC/ARC (Trios GmbH, Rastede Germany) sensors positioned in the spine payload bay of the NUI vehicle. Here we present broadband values integrated over the 320--950 nm band after interpolation to a spectral resolution of 1 nm \[*Nicolaus et al*., [2010](#jgrc21358-bib-0024){ref-type="ref"}\]. The sensors were positioned approximately 0.5 m above the vehicle\'s depth sensor and triggered at the fastest achievable sampling rate, in most cases 0.5 Hz, leading to a spatial resolution of approximately 0.3 m during the under‐ice survey. The field of view of the radiance sensor is 9.3° pointing towards zenith resulting in a mean footprint of 0.23 m at the underside of the ice varying with the sensor distance to the ice. Processing of the optical data as well as the calculation of transmittance (transflectance) as the quotient of under‐ice irradiance (radiance) and the surface reference measurement has been described in *Nicolaus et al*. \[[2010](#jgrc21358-bib-0024){ref-type="ref"}\] and *Nicolaus and Katlein* \[[2013](#jgrc21358-bib-0023){ref-type="ref"}\]. Zenith radiance measurements were scaled with a factor 2.5 assuming isotropic scattering in the ice according to *Katlein et al*. \[[2014](#jgrc21358-bib-0014){ref-type="ref"}\] to be comparable to irradiance measurements. Incident solar irradiance was measured with a reference sensor (RAMSES‐ACC) located in the crowsnest of the ship. Due to low stratus clouds, incident light conditions exhibited very little variation and effects of shading by the ship\'s superstructure are negligible.

Sea‐ice draft was measured as the difference between the vehicle depth and its distance to the ice bottom. The distance to the ice was measured by the upward‐looking navigation DVL throughout the whole survey. During the last part of the survey, an upward‐looking 260 kHz Delta T multibeam sonar (Imagenex Technology Corp., Port Coquitlam, BC, Canada) provided three‐dimensional measurements of the ice bottom topography. We chose not to convert draft measurements into ice thickness, as ice thickness and draft values measured by drillings showed that the isostatic equilibrium were not valid for most single point measurements.

To register the subice data set with the aerial image and to ground‐truth ice draft measurements, 6 holes of ∼5 cm diameter were drilled through the ice along a 90 m transect. The locations of the holes in the ice were marked with red marker paint to ease location in the aerial images. After measuring sea‐ice thickness and draft with an ice‐thickness gauge (Kovacs Entreprise Inc., Roseburg, OR, USA) we deployed 1 m long red‐white colored marking poles hanging underneath the sea ice from ropes at ∼4 m depth. These poles were detectable in the 900 kHz forward looking obstacle avoidance and imaging P900 BlueView sonar (Teledyne BlueView, Bothell, WA, USA). Bearing and range from the vehicle to the closest pole were extracted from the BlueView images to establish exact positions of the poles in the coordinate system of the NUI navigation. The dead reckoning throughout the entire 2 km long trackline (Figure [2](#jgrc21358-fig-0002){ref-type="fig"}a) suffers from rotation of the ice floe and other undetermined navigation errors, so that the measurements cannot be colocated with the surface measurements. In contrast, the known position relative to the poles during the last 100 m before the survey end allows for a position accuracy of better than 1 m for this 100 m transect and thus the ability to colocate surface measurements and aerial images. The last part of the survey, conducted at a constant vehicle depth of 5 m will be referred to as the pole survey throughout the rest of this paper.

![(a) Mosaic of aerial images of the surveyed ice floe at 82° 51\' N and 6° 19\' W acquired during a low altitude helicopter flight on 28 July 2014. The blue line indicates the estimated vehicle track underneath the ice floe, ending with the coregistered pole transect marked by the red box. The length of Polarstern as reference scale is 120 m. (b) On the same image, pixels on the surveyed floe that were classified as melt pond are marked in light blue.](JGRC-120-5932-g002){#jgrc21358-fig-0002}

2.3. Aerial Images {#jgrc21358-sec-0005}
------------------

Aerial images were obtained on four parallel low altitude flight lines using a downward looking GoPro digital camera (GoPro Hero 3 Black Edition, GoPro Inc., San Mateo, CA, USA) mounted to a helicopter. Images were corrected for camera distortion and merged to a photomosaic using Adobe Photoshop (Figure [2](#jgrc21358-fig-0002){ref-type="fig"}a). It was not possible to acquire higher quality images from higher altitude (\>75 m) due to low clouds.

Melt ponds in the image were detected using a manually drawn mask of the floe and threshold values determined from a training data set. All pixels on the floe, where $mean\left( {R,G,B} \right) < 70 + 0.5 \cdot B$ were classified as melt pond (Figure [2](#jgrc21358-fig-0002){ref-type="fig"}b) with R, G, B the integer values of the respective channels of the RGB color space Rec. 709 (R=700 nm, G=525 nm, B=450 nm).

To obtain a colocated aerial image, one of the images taken by the GoPro camera covering the entire area of the pole survey with least possible distortion was selected and corrected for lens distortion and vignetting. The vehicle track obtained from dead reckoning was projected to image coordinates using the marker coordinates as ground control points in a similarity transform (scale and rotate). Quantitative information about the surface conditions could thus be deduced along the vehicle track from the aerial image.

From the three RGB channels, we constructed pixel brightness by dividing the intensity (mean of R, G and B) through the maximum value of 255. This brightness value ranges between 0 and 1 and represents a proxy for surface albedo, recognizing that this study is most interested in assessing spatial variability and does not require fully calibrated albedo measurements. Extracted albedo values are similar to those generally observed on Arctic sea ice \[*Perovich*, [1996](#jgrc21358-bib-0028){ref-type="ref"}\] with values between 0.55 and 0.6 for melting white ice and 0.3 to 0.4 for melt‐ponds. Broadband albedo values were extracted along the vehicle track, both as single pixel values and as averages over albedo values in a circle around the vehicle position with a diameter of 2 m, 4 m and 6 m. This averaging accounts for effects of lateral spreading of light by scattering in the ice as well as the large field of view of the irradiance sensor.

2.4. Analysis {#jgrc21358-sec-0006}
-------------

From all the data available for the pole survey, we constructed a data set of simultaneous measurements of under‐ice irradiance, radiance, ice draft derived from the DVL range, ice draft derived from the multibeam sonar, as well as point and spatially averaged albedo. This data set was transferred into the statistical software R to analyze the multivariate dependencies and to determine the variability explained by each variable.

To analyze the scales of spatial variability, we computed and fitted spatial variograms (Figure [4](#jgrc21358-fig-0004){ref-type="fig"}). The empirical variogram describes the variance in subsets of the data set with varying spatial distance (lag distance). Empirical variograms were fitted with exponential theoretical variograms to obtain range values. The range parameter is defined as the lag distance at which the fitted variogram reaches ∼95% of the sill value, the asymptotic variance of unrelated datapoints with large distance. Thus it describes the scale of the distance at which datapoints are related to each other.

3. Results {#jgrc21358-sec-0007}
==========

3.1. Physical Properties of the Ice Floe {#jgrc21358-sec-0008}
----------------------------------------

The surveyed ice floe was of large extent (\> 1 km^2^) and had a modal ice draft of 1.6 m. It consisted of several parts of rather undeformed first‐ or second‐year ice as well as heavily deformed parts. While the level ice was mostly covered by extensive melt ponds between old and young ridges, the more deformed ice also hosted isolated lighter‐blue ponds (Figure [2](#jgrc21358-fig-0002){ref-type="fig"}a).

The floe surface was in an intermediate melting stage showing various stages of melt pond development. The ice surface was covered by a layer of large grains resembling wet melting snow, but also very similar to the surface scattering layer present on summer sea ice. The modal thickness of the surface layer was 8 cm. In large areas, especially adjacent to some melt ponds, the surface layer was partly saturated with water. Analysis of the aerial image revealed, that 13% of the floe was covered by melt‐ponds. The length scale of melt pond variability on the floe was 9.3 m as determined by variogram analysis of the classified aerial image (range value). The thick ice, the considerable surface layer, the geographic position close to Greenland and the timing early in the melting season are the reason for the low light transmittances when compared to other studies from other regions or later in the summer \[*Arrigo et al*., [2012](#jgrc21358-bib-0002){ref-type="ref"}; *Nicolaus et al*., [2012](#jgrc21358-bib-0025){ref-type="ref"}\].

3.2. Pole Survey {#jgrc21358-sec-0009}
----------------

Results from the pole survey transect are shown in Figure [3](#jgrc21358-fig-0003){ref-type="fig"}. Light transmittance was between 0.02 and 0.10 along the transect: In the vicinity of the first pole, light transmittance was high due to a melt pond, but it dropped quickly under the influence of a ridge visible on the surface. After crossing the ridge, light levels increased due to a reduction in ice draft from 2 to 1.2m before dropping again due to the thickest ice observed in the transect, between poles 2 and 3 with a draft of up to 2.5 m. The two clear peaks of light‐transmittance near poles 4 and 5, respectively can be attributed to the crossing beneath two melt ponds at the surface (Figure [3](#jgrc21358-fig-0003){ref-type="fig"}a). The final increase at the end of the survey is caused by the approach to a third, larger melt pond.

![Physical measurements taken from the ROV during the colocated pole survey: (a) Light transmittance along the survey track. Red circles show positions of numbered marker poles. (b) Ice draft as measured along track with upward looking multibeam sonar. (c) Surface albedo extracted from the image. Blue dots indicate spot data, while lines depict data averaged over circles with different diameters. (d) Ice Draft as derived from the DVL (blue dashed line) and measured by the center beam of the multibeam sonar (red line). (e) Light transmittance measured by the radiance (red line) and irradiance (blue dashed line) sensors along the survey.](JGRC-120-5932-g003){#jgrc21358-fig-0003}

![Variograms of (a) surface albedo, (b) sea ice draft, and (c) light transmittance. Red lines indicate variograms obtained from the area of the pole survey, while black lines are derived from all available data. Empirical variograms are shown with x as data marker, while unmarked lines are fitted theoretical exponential histograms. The range values obtained from the fitting are given as annotations in the same color as the corresponding curve. Variance is given in arbitrary units starting at zero.](JGRC-120-5932-g004){#jgrc21358-fig-0004}

A noteworthy feature of the multibeam ice draft measurements is that the under‐ice topography might deviate substantially from what would be expected when looking at the surface structure. Ridges visible at the surface do not necessarily have keels visible at the underside of the ice while ice features with greater thickness do not necessarily have to be represented in the surface topography (Figure [3](#jgrc21358-fig-0003){ref-type="fig"}b). This can lead to confusion when navigating under‐ice vehicles according to features visible on the surface.

Extracted albedo values lie between 0.3 and 0.6. Spatial averaging of albedo values over circles of increasing diameter shows the strength of the influence of the pond geometries on either side of the vehicle track on optical properties (Figure [3](#jgrc21358-fig-0003){ref-type="fig"}c).

Ice draft varies between 1.0 m and 2.3 m along the transect (Figure [3](#jgrc21358-fig-0003){ref-type="fig"}d). Multibeam draft data agree well with draft data acquired from the DVL when the different methods of calculation are taken into consideration. The DVL range is calculated as the average range of 4 beams angled 30° from vertical, thus averaging over an area of 1--3 m depending on the distance between instrument and ice. Comparison of the multibeam draft data with ice draft measured at the positions of the poles revealed an accuracy of \<0.1 m for the ice topography, similar to what has been achieved earlier \[*Wadhams et al*., [2006](#jgrc21358-bib-0046){ref-type="ref"}; *Williams et al*., [2015](#jgrc21358-bib-0048){ref-type="ref"}\].

Light transmittance as observed from the irradiance and radiance sensors is clearly related to both surface albedo and ice draft. The peaks of light transmittance related to drops in the surface albedo caused by melt ponds are particularly obvious (Figures [3](#jgrc21358-fig-0003){ref-type="fig"}c and [3](#jgrc21358-fig-0003){ref-type="fig"}e).

Statistical analysis of the resulting data set reveals that 72% percent of the variance in the measured radiance can be explained by the combination of the 1 m albedo average (65%) and the ice‐draft value at the spot (7%). All other combinations of the available variables described a smaller portion of the observed variance. While radiance measurements thus seem to be mostly influenced by the ice properties at the spot, irradiance measurements are influenced by albedo and ice thickness over a larger region in the vicinity of the measurement. Thus a combination of the 3 m albedo average and the draft measured from the DVL representing a spatial average of 1--3 m explains 66% percent of the variance in measured irradiance.

The contrast in peakiness between the different measured light transmission curves (Figure [3](#jgrc21358-fig-0003){ref-type="fig"}c) shows that the smooth contrasts of irradiance are mainly caused by the large sensor footprint and not by lateral light propagation in the ice. If lateral light propagation were the dominant cause, then the radiance profile would be comparable in smoothness to the irradiance profile.

3.3. Scales of Spatial Variability {#jgrc21358-sec-0010}
----------------------------------

To investigate the length scales of the spatial variability of different variables, variograms were computed for the available data set of albedo, ice draft and light transmittance (Figure [4](#jgrc21358-fig-0004){ref-type="fig"}). The variograms were computed each for both the data set of the whole dive survey and a subset covering the pole survey only. The typical length scale of albedo variability was 10.6 m for the whole dive and 8.4 m for the pole survey. This comes from the typical size range of melt ponds which cause the highest variations in surface albedo. For sea ice draft we considered only the DVL data, as the multibeam data are not available for the entire dive. We derived length scales of ice‐draft variability ranging from 15.1 m for the whole dive to 26.8 m for the pole transect. This is significantly greater than the length scale of a typical pond at this time of the year. The length scale of the variability of light transmittance was 8.4 m on the pole survey and 16.6 m when considering the whole floe, indicating different causes for the observed variability on different scales.

3.4. From Point Measurements to Histograms {#jgrc21358-sec-0011}
------------------------------------------

A great advantage of spatially extensive measurements is the ability to construct histograms showing the distribution of measured values in contrast to single point values. While this technique of histograms has been used frequently for ice‐thickness distributions \[*Thorndike et al*., [1975](#jgrc21358-bib-0043){ref-type="ref"}\] its application to optical properties has only begun recently, triggered by the development of relevant sampling methods \[*Divine et al*., [2015](#jgrc21358-bib-0006){ref-type="ref"}; *Nicolaus et al*., [2012](#jgrc21358-bib-0025){ref-type="ref"}, 2013a\].

Figure [5](#jgrc21358-fig-0005){ref-type="fig"}a shows the frequency distribution of surface albedo pixels as derived from the aerial image. A clear bimodal distribution is visible, but the wide variety of ponds on the floe causes a wide saddle in between the two peaks related to melt ponds and bare ice respectively. Associating the albedo values with their respective surface type retrieved from color thresholding, shows that a portion of bright light blue ponds is "leaking" into the peak associated with bare sea ice.

![(a) Histogram of surface albedo derived from the aerial image. (b) Histogram of sea ice draft as measured from multibeam during the pole survey (red) and throughout the complete floe from upward looking DVL (blue). (c) Histogram of bulk broadband light extinction coefficients derived from measured light transmittance. (d) Histogram of irradiance (blue) and radiance (red, scaled to irradiance) light transmittance.](JGRC-120-5932-g005){#jgrc21358-fig-0005}

The ice draft distribution shows differences between the two instruments related to the different sampling areas (Figure [5](#jgrc21358-fig-0005){ref-type="fig"}b). While the DVL data set covering the whole dive shows a unimodal distribution with a modal ice draft of ∼1.7 m, the multibeam data covering only the pole transect shows a bimodal distribution with a consistent mode at ∼1.7 m and a local mode of thinner ice at ∼1.2 m.

Bulk light extinction coefficients $\kappa$ computed from light transmittance $T$ and ice draft $z_{i}$ ( $\kappa = - \ln\left( \frac{T}{z_{d}} \right)$) show a mode centered around 1.8 m^−1^ but also significantly higher values (Figure [5](#jgrc21358-fig-0005){ref-type="fig"}c). The light transmittance distribution is primarily unimodal with a modal transmittance between 0.03 and 0.04 evident from both sensors (Figure [5](#jgrc21358-fig-0005){ref-type="fig"}d). In addition, both sensors show a small secondary mode of dark patches below 0.01. Low light transmittance occurs more frequently in the radiance data as measurements at dark spots are not influenced by adjacent ponds. The tail of the distribution is longer (maximum 0.12) for the radiance sensor than for the irradiance sensor (maximum 0.09). This was expected, as small scale structures with high light transmission such as small ponds, cracks or channels are better represented by the radiance measurements.

4. Discussion {#jgrc21358-sec-0012}
=============

4.1. Light Transmission Under a Spatially Varying Ice Cover {#jgrc21358-sec-0013}
-----------------------------------------------------------

Our results show that 72% of variance in the spatially varying light field underneath the ice can be explained by ice draft and surface albedo, in particular the influence of melt ponds at this time of the year when the snow cover starts to disappear. To describe the variance in the irradiance measurements best, it is necessary to use spatial averages, while the radiance field can be best described using local values. This is due to the irradiance sensor having a larger footprint than the radiance sensor.

Several factors lead to the fact that only 72% of the under‐ice light field variance can be explained by surface albedo and ice draft: First, our measurements only include ice draft and not the portion of the ice above the waterline, which can have significant impact on the under ice light and is not necessarily represented in the albedo variability. Second, we were not able to quantify the spatially varying properties of the surface layer. The observed melting stage with properties in between melting snow and surface scattering layer, varied throughout the floe and included water saturation in some places. Third, lateral changes in ice internal properties caused by different stages of melt are hard to quantify. These poorly quantifiable factors can easily explain the 28% of unexplained variance in the under ice light field.

While the irradiance curve is very smooth, the radiance curve shows clearly accented peaks (Figure [3](#jgrc21358-fig-0003){ref-type="fig"}e). This shows that the smoothness of the irradiance curve is caused by measurement geometry and the large sensor footprint resulting from the sensor not being placed exactly at the ice water interface. Lateral propagation of light due to scattering in the ice is thus not the primary cause for smoothing of the irradiance curve.

Our results show that a one‐dimensional approach is not enough for modeling under ice irradiance measurements as the large sensor footprint results in a significant influence of adjacent structures on the measurements. This is also the case to a lesser extent for radiance measurements, as light measured at one point immediately against the underside of the sea ice will still be influenced by optical conditions within a certain area above the point due to lateral transport of light by scattering in the ice \[*Petrich et al*., [2012a](#jgrc21358-bib-0034){ref-type="ref"}; *Trodahl et al*., [1987](#jgrc21358-bib-0044){ref-type="ref"}\].

4.2. Scales of Spatial Variability {#jgrc21358-sec-0014}
----------------------------------

Analysis of the spatial scales using variograms revealed a characteristic length scale for albedo variations around 10 m, the typical length scale of melt ponds. This is consistent with similar observations by *Petrich et al*. \[[2012b](#jgrc21358-bib-0035){ref-type="ref"}\] on landfast ice. As noted previously by *Perovich et al*. \[[1998](#jgrc21358-bib-0031){ref-type="ref"}\], this length scale of pond variability is closely linked to the length scale of under ice light variability due to the obvious impact of melt ponds on light transmission \[*Nicolaus et al*., [2012](#jgrc21358-bib-0025){ref-type="ref"}\]. We found a characteristic length scale of 8.4 m for the variance in the under ice irradiance measurements along the pole transect, which lies very close to the length scale of pond variability. Surprisingly, the characteristic length scale of under ice light variability obtained from the complete data set was 16.6 m, twice as long as the scale determined during the pole survey. This is significantly bigger than the length scale for melt ponds and lies very close to the length scale of ice draft variability observed during the whole transect of 15.1 m. Thus we suggest that the variability of under ice light is governed by variations in ice draft, when considering areas bigger than 1000 m^2^. On this scale, the variability of the pond cover is averaged spatially. While the presence of ponds will only impact the mean light level, the large scale variability of under ice light is driven by changes in ice thickness which in turn also reflects the variability of ice type, its properties and the pond ratio. This result confirms the feasibility of using ice thickness as a predictor for light transmission in large‐scale sea ice models during summer, when the influence of snow cover is limited.

4.3. Describing the Light‐Field by Distribution Functions {#jgrc21358-sec-0015}
---------------------------------------------------------

Under ice data sets with large spatial extent can successfully be employed to compute histograms of ice apparent optical properties. Light transmission has proved to be related to ice draft and surface albedo, both variables for which histograms and distribution functions can be acquired using surface surveys or eventually satellite observations. We thus want to examine the possibility of composing a light transmission histogram from the distributions of surface albedo and ice draft. For reasons of simplicity we here assume that ice draft equals ice thickness, which is a good approximation for the early melting season. Different ice draft to ice thickness relations can be easily implemented analogously.

As the distributions are not completely independent from each other---e.g., ponds occur more often on thinner ice \[*Fetterer and Untersteiner*, [1998](#jgrc21358-bib-0007){ref-type="ref"}; *Nicolaus et al*., [2012](#jgrc21358-bib-0025){ref-type="ref"}\]---it is not possible to produce the exact light transmission histogram just out of the two distribution functions. Nevertheless, we propose a method that allows an approximation of the light transmission histogram treating the two distributions as independent or with simply constrained dependence. One argument for considering the distributions of ice draft and surface albedo to be independent is that in many cases, they will be determined by different instruments in slightly differing locations. Similarly it is extremely challenging to produce a combined data set of under ice and surface observations that are precisely colocated over a large enough area. Thus we will start with a formulation using independent distribution functions:

Let the surface albedo distribution be described by a row of albedo values $\lbrack\alpha_{1},\alpha_{2},\ldots,\alpha_{n}\rbrack$ with occurrence frequencies $\lbrack h(\alpha_{1}),h(\alpha_{2}),\ldots,h(\alpha_{n})\rbrack$ complying to the normalization $\sum\limits_{i = 1}^{n}h(\alpha_{i}) = 1$, and the ice thickness distribution as a row of ice thickness values $\lbrack z_{1},z_{2},\ldots,z_{m}\rbrack$ with occurrence frequencies $\lbrack g(z_{1}),g(z_{2}),\ldots,g(z_{m})\rbrack$ and $\sum\limits_{i = 1}^{m}g(z_{i}) = 1$. In a simple approach, light transmittance can be calculated from surface albedo $\alpha$, ice thickness $z$ and a known extinction coefficient $\kappa$ as follows: $$T = \left( {1 - \alpha} \right)\exp( - \kappa z)$$

This equation can be evaluated for all possible combinations of $n$ and $m$, yielding transmittance values $T_{1\ldots l} = \lbrack T\left( {\alpha_{1},z_{1}} \right),T\left( {\alpha_{1},z_{2}} \right),\ldots,T\left( {\alpha_{2},z_{1}} \right),T\left( {\alpha_{2},z_{2}} \right),~\ldots,~T\left( {\alpha_{n},z_{m}} \right)\rbrack$ and combined occurrence frequencies $w_{1\ldots l} = \lbrack h\left( {\alpha_{1})~g(z_{1}} \right),h\left( {\alpha_{1})g(z_{2}} \right),\ldots,h\left( {\alpha_{2})g(z_{1}} \right),h\left( {\alpha_{2})g(z_{2}} \right),~\ldots,~h\left( {\alpha_{n})g(z_{m}} \right)\rbrack$ still normalized as $\sum\limits_{i = 1,j = 1}^{n,m}h(\alpha_{i})g(z_{j}) = 1$ with $l = nm$. Mean transmittance can now be calculated as $\overline{T} = \sum\limits_{k = 1}^{l}T_{k}w_{k}$. To acquire a meaningful histogram, these pairs of transmittance and their respective weights need to be resampled into a histogram with a large enough bin width $2\lambda$. The histogram of transmittance occurrence frequencies is then given by: $$f\left( {T - \lambda \leq T < T + \lambda} \right) = \sum\limits_{T - \lambda \leq T_{i} < T + \lambda}w_{i}$$

As this approach realizes some unlikely combinations of albedo and ice‐thickness, the total range of light transmittance may be bigger than in reality, showing a longer tail in the histogram at higher transmittances. Similarly the precision at the lower end of the calculated transmittance will be biased including unrealistic albedo thickness combinations leading to low transmittance. Nevertheless, the respective probabilities (weights) are fairly small, so that the influence on both the mean value and the modal peak of the distribution should be negligible.

If the dependence of the ice thickness and surface albedo distribution are known or can be assumed, equation [(1)](#jgrc21358-disp-0001){ref-type="disp-formula"} will only be evaluated for the valid combinations of n and m. In this case, the resulting weights $f$ need to be adjusted to comply with the normalization criterion.

This treatment can be generalized by also including other parameters. The presented parameterization proved useful for summer conditions and is expected to provide good results while melt ponds are the governing surface feature. Before melting starts, a combination of histograms of ice thickness and snow thickness might be superior to a dedicated albedo treatment as the albedo is more uniform in space. The extinction coefficient can be either included as a distribution function determined from measurements, a constant with values chosen from the literature or used as a tuning parameter depending on the purpose. For a better investigation of the general applicability of this approach, more spatially extensive data sets have to be acquired with under‐ice vehicles such as NUI.

Histograms derived from our data set are shown in Figure [6](#jgrc21358-fig-0006){ref-type="fig"}. Using independent source distribution functions and an extinction coefficient of $\kappa = 1.5~m^{- 1}$ as commonly used in the literature \[*Grenfell*, [1977](#jgrc21358-bib-0009){ref-type="ref"}; *Perovich*, [1996](#jgrc21358-bib-0028){ref-type="ref"}\], the algorithm correctly estimates the main mode at 0.035 but slightly underestimates the occurrence of small light transmittance values (Figure [6](#jgrc21358-fig-0006){ref-type="fig"}c). As explained above, the deviations between measured and derived histogram at both ends of the distribution are expected. Comparing the cumulative distribution functions (Figure [6](#jgrc21358-fig-0006){ref-type="fig"}d) confirms a good agreement between measured and derived light transmittance distributions. While a final conclusion as to the possibility of estimating transmission histograms from distributions of ice thickness and surface albedo is not possible using this limited data set, our results encourage future exploration now that extensive spatial data sets of sea ice optics are attainable.

![Histograms of light transmission as obtained from the (a) irradiance and (b) radiance sensors. (c) Light transmission histograms generated with the presented algorithm from the distribution of surface albedo and ice thickness using a extinction coefficient of $\kappa$ =1.5 m^−1^ for the case of independent source distribution functions. (d) Same histograms presented as cumulative probability functions.](JGRC-120-5932-g006){#jgrc21358-fig-0006}

5. Conclusion {#jgrc21358-sec-0016}
=============

Our measurements conducted with a novel under ice vehicle combined with colocated surface measurements and aerial images enabled new insights into the spatial variability of the under ice light field. Measurements using irradiance sensors are strongly influenced by measurement geometry, so that under ice irradiance measurements must be analyzed in the context of ice and surface properties within a radius of several meters. This radius is determined by the distance of the sensor to the underside of the ice and lateral light propagation. The application of one‐dimensional models based on spot measurements is not able to reproduce the full variability of the under ice light field.

While the spatial scales of under ice light variability are given by the scale of melt ponds when considering a smaller area (\<1000 m^2^), the variability on larger scales is mostly driven by variations in the ice thickness. These variations may be due to ice deformation or to changes in ice type. This suggests that ice thickness might be a reliable predictor of under ice light conditions when combined with other aspects such as ice type and pond coverage.

Large spatially extensive data sets enable a statistical view on ice optical properties through the ability to construct histograms of light transmission underneath the ice. Based on our data set, we suggest an algorithm to construct a histogram of light transmittance through sea ice as a combination of distribution functions of ice thickness and surface albedo. This approach could be used to combine remote sensing data sets of ice thickness (e.g., Cryosat 2) and albedo distributions (e.g., AVHRR, MODIS) into Arctic‐wide maps of light transmittance through sea ice.
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